We present a scheme for implementing a version of task switching in engineered bacteria, 1 based on the manipulation of plasmid copy numbers. Our method allows for the embedding of 2 multiple computations in a cellular population, whilst minimising resource usage inefficiency. We 3 describe the results of computational simulations of our model, and discuss the potential for future 4 work in this area. 5
We focus mainly on this control level, as the embedding of computational circuits in plasmids is well-understood and standard [12] . Overall design for a multi-purpose cellular computer. A. The bottom control level encodes a single genetic circuit in a plasmid vector, which executes a single "program". The top control level handles switching strategies for regulating the numbers of such plasmids in a cellular population. This is done via inhibiting plasmid replication or by promoting plasmid horizontal transfer (i.e. extra replication). B. Deterministic analysis of a two-plasmid system (where plasmid A represses the replication of B, which, in turn, replicates via positive feedback) shows that the system is highly unstable, i.e., plasmid B tends to either increase indefinitely or disappear. dynamics of copy numbers over time (red for plasmid A, and green for plasmid B). We emphasise 96 the fundamental principle that plasmids that are repressed are not spread vertically (through cell 97 division), but may still propagate horizontally (Figure 2A ). The significance of this is shown in Figure   98 2B; for an imagined single plasmid (initial copy number of 10), we consider its representation (in 99 terms of its presence in cells) after a number of periods, with conjugation both disabled (left-hand 100 panel) and enabled (right-hand panel). If conjugation is disabled, then plasmids are essentially 101 rapidly "flushed" from the system, as they are not transferred vertically. However. if we enable 102 conjugation in our simulation, then plasmids are retained for longer within the system, suggesting 103 that conjugation offers an important mechanism for stabilising a system long enough for switchable 104 computations to occur. For details on the simulation of conjugation, please see [25] and the Methods 105 section of the current paper. Figure 2 . Switchable control of plasmid copy number through horizontal (conjugation) and vertical gene transfer. A. A basic principle guides the following theoretical model: plasmids whose replication is being repressed will not be spread through vertical transfer (i.e. mother to daughters) but can still be copied within siblings via horizontal transfer. B. Distributions representing the number of plasmids in individual cells across a population. The rate of plasmid loss (when its replication is being repressed) is much faster when conjugation is disabled i.e. plasmids are not transferred horizontally. This suggests that conjugation is a powerful tool for stabilizing the systems long enough to allow for switchable computations. C. Simulation of a population where all cells start with two plasmids, A and B. The overall number of B plasmids (bar plots) decreases over time, since its replication is repressed by A. D. Same simulation as in C but the replication of plasmid A can be externally repressed. This repression over A happens after when the overall number of plasmids B is very low (but not zero). As a result, the scenario is reversed and it is plasmid B which predominates over A. Time in all plots is measured in generations (gen.) -details on the simulation of conjugation in Methods.
In Figure 2C we show the results of spatially-explicit simulations of our system, in which 107 plasmid A represses the replication of plasmid B. Both plasmids start off at roughly equal numbers, 108 but we see that the red plasmid A rapidly dominates the population. A different approach is adopted to design a 3-plasmid system that responds to a NOR logic function: both input plasmids A and B repress the replication of output plasmid C. We have one strain per plasmid, plus another computing strain -the input/output strains are able to transfer plasmids horizontally to the computing strain but cannot receive plasmids from others. Simulations of the four logic cases highlight the spatial localization of the computation. Only the computing strain is shown -black spaces in-between correspond to different "sender" strains.
Our system is composed of three plasmids; A (red) and B (green) represent the inputs to the NOR 137 gate, and plasmid C (which defaults to blue) representing output=1. Both A and B repress the output 138 plasmid C, so C is only present (corresponding to an output value of "1") if both A and B are absent 139 (i.e., both input values are equal to zero). Each plasmid is represented by its own bacterial strain (the 140 input plasmids in the "sender" strains), and we also use a fourth "computing" (or "receiver") strain, 141 which is engineered to express the appropriate fluorescent protein, according to the plasmid that it 142 receives. 143 We show the results of simulations for each of the four input cases (00, 01, 10 and 11); in the 144 first case, we see only blue cells, as that is the only situation in which we can expect to see an output 145 value of 1. In the other cases, we see a preponderance of green (where the B input dominates), red 146 (where the A input dominates), or a mixture (where both input plasmids are represented equally).
147
This confirms the in-principle possibility of engineering plasmid copy numbers for the purposes of 148 distributed cellular computation.
149
Usecasing the potential of task switching. 150 We developed two simple models to demonstrate the potential of the suggested strategy ( Figure   151 5). There are two different approaches to the use of task switching: (1) switch between two completely 152 different tasks, and (2) repurpose the meaning of the inputs to the same task.
153
In the population simulated in Figure 5A , two plasmids coexist, each encoding an different 154 inducible promoter with a fluorescent reporter downstream (red for plasmid A, green for plasmid B).
155
These two tasks are different in that they respond to different input signals (s1 and s2 respectively).
156
Depending on which task runs at a given time, the cells will be sensing the corresponding signal. Figure 5 . Usecasing the potential of multitasking. A. Reduction of cellular workload. Two input signals, s1 and s2, trigger the expression of different circuits -in this case a simple reporter gene. By controlling plasmid copy number, the population reacts to one of either two input signals. Cells will not have both circuits at the same time, thus reducing the metabolic cost. B. Repurposing input signals. One input, s1, acts as an inducer for the circuit in plasmid A and a repressor for the circuit in plasmid B. Multitasking control allows for switching the population from using s1 as an inducer to using s2 as an inhibitor (and vice-versa). 
Materials and Methods
where plasmid A is constant, k 1 = 0.05, k 2 = 0.005, and initial conditions are A = B = 100 (all units 8 of 11
The circuits of Figure 5 were also simulated deterministically. Both models run inside cells of a 179 spatial, discrete simulation. The set of ODEs that govern the performance of the first circuit ( Figure   180 5A) is:
where pA and pB are the promoter in plasmids A and B, respectively, k 1 = 1 is the rate of binding RFP. The number of plasmids A and B is determined by the discrete simulation.
186
The circuit in Figure 5B was based on the same equations as above, but with the following 187 changes: signal s2 is removed from the system, signal s1 inhibits B and GFP is expressed from pB 188 rather than pB a . Therefore, equations 5 and 10 change into:
where k r 1 = 30, which is the rate of repression of pB by signal s 1 . All rates are expressed in molecules 190 and hours, following values commonly used in mathematical models [30, 31] . In any case, signals s1 191 and s2 are abundant or absent, therefore their derivatives can be considered null. 
